An investigation of the global effects of the actuation system on the flow field over the NACA-4412 foils has been done as part of our effort to implement real time closed loop separation control using zero net-mass flow actuators. Our approach involves an application to the NACA-4412 foils of the method develop by Honohan et al. (2003) in which Particle Image Velocimetry (PIV) data coupled with the Reynolds Averaged Navier Stokes (RANS) equations to obtain the effect of the flow control actuation on the averaged pressure field. We have demonstrated (Andino et al.2005) the utility of this approach on the NACA-4412 hydrofoil to help us understand the global effects of flow control. A major effect of the actuation on the mean pressure field was backed out from the PIV/RANS approach.
I. Introduction
R esearch at Syracuse University 1−4 involves applying both open and closed loop separation control for the flow over the NACA-4412 foils that utilize zero net-mass flow actuators. The motivation of these studies is to analyze the dynamics of the separating shear flow using low-dimensional methods and suppress wing stall via the zero net-mass flow actuators utilizing sensors on the surface alone for the input in feedback control.
In this work we explore the effects of the interactions between the actuators and the flow on the pressure distribution over the NACA-4412 foil. In particular we seek a better understanding of the physics involved in the interaction and their relationship to the method developed by Honohan 5 in which they use Particle Image Velocimetry (PIV) in data coupled with the Reynolds Averaged Navier Stokes (RANS) equations to obtain the effect of the flow control actuation on the averaged pressure field. This method was applied to a circular cylinder and a flat plate with good success.
On our previous work 3 we applied PIV/RANS approach to the NACA-4412 hydrofoil. The results showed a clear effect of the actuation on the mean static pressure distribution of the flow. To evaluate our results comparisons will be made for the different flow states with and without open loop control.
II. Experimental setup

A. Facility and Actuation System
A series of experiments were conducted on a NACA-4412 airfoil in our wind tunnel. This facility consists of a Gottingen-type, recirculating, closed subsonic wind tunnel with a test section 24 in x 24 in x 96 in, made of Plexiglas panels for a full optical access. We are interested in studying the effect of the actuation on the pressure distribution over the NACA-4412 foil in open and closed loop control. Measurements were done using PIV and surface pressure measurements for Reynolds number of 135,000 based on the chord length. A total number of 7 cases were studied that includes five angles of attack ( Figure 1 . Experiments were performed using a free-stream velocity of 10m/s. The test model in our experiments is a NACA-4412, with 8 in. constant chord and 20 in. of span. This model was designed to fulfill several requirements 2 . In addition, it has some excellent advantages such as, high lift, low Reynolds number and large database to validate our results. The chord length of the foil was selected so it would corresponds to some small aircrafts. Also, this chord length does not create significant blockage in the test section.
The actuating system for the airfoil consists of eleven small oscillatory jets near the leading edge of the airfoil, produced by vibrating speakers under the surface of the airfoil. To avoid three-dimensional effects, the actuator output should be invariant in the spanwise direction. This is achieved with a small 1/32 in. wide slot in the actuator insert sections for the airfoil. Figure  2 shows an exploded view of the location of the actuators and pressure sensors. The speakers chosen are ICC Intervox shielded low leakage speakers. The selected speakers are 1.12 x 1.57 in, with depth of 0.44 in and rated power is 1.0/2.0 W (Nom/Max). These speakers have the advantage of covering a wide range of frequencies (250 Hz to 20 kHz) while maintaining a significant velocity at the exit of the slot. A standard Particle Image Velocimetry system was used to acquire measurements to map out the velocity field were taken at the mid-span of the hydrofoil to avoid three dimensional effects from tip vortices and channel walls; at this location the flow is assumed to be two-dimensional. Figure 3 shows the measurement window. The flow was seeded using olive oil and a TSI Laskin Nozzle. The particles were injected into the flow stream before the experiments to assure uniform distribution. A set of 750 vector fields samples were acquired using DANTEC FLOWMAP PIV system that provides two component velocity plane over the airfoil. In this work the measured velocity fields will be used to explicitly compute the phase-and time-averaged pressure gradients using the two-dimensional RANS equations as implemented by Honohan 5 . This provides a means to relate the local fluid dynamics in the vicinity of the control input to the resulting global changes in the flow field.
B. PIV Measurements
III. Mathematical Approach
Our PIV window is placed at mid-span of the wing and assume that the flow is homogeneous in spanwise direction. Under these conditions the evolution equations for the mean flow are:
The basic idea is to compute from PIV all of the velocity related terms in equations 1 and 2 extract the averaged pressure gradient information from the balance. Approximations 6 of the first and second derivatives were evaluated using a second order central, forward and backward difference scheme.
To clean our data from noise of the measurements a spatial average was done on the ensemble average data and after each computation. This spatial average considered the mean value of a window of nine vectors and replaces the original value. At the same time the no-slip boundary condition was applied after each step.
As proposed in Honohan's method to evaluate the pressure distribution over the airfoil applied a numerical algorithm that utilizes PIV data as input. The two-dimensional pressure field (x-y) is then determined using a combined path 4th order Runge-Kutta integration routine where,
The application of the boundary condition to initiate the numerical integration of the pressure is the next step. This condition is applied at the top of the measurement window where the flow is assumed to be inviscid and a gauge pressure of zero is applied as boundary condition. Equation 5 shows algorithm used for integration. Experimental data presented here was done using open-loop control, with an actuation frequency of a simple 2500Hz sine wave. This frequency was observed to be the most effective delaying sudden leading edge separation. The non-dimensional forcing frequency was chosen to be on the order of 1 and the jet momentum coefficient was set to exceed 0.002 2,7−10 in order to observe the actuation effects. The direction of the flow is from left to right.
Figures 4 through 6 show the mean velocity fields without actuation for 10 o , 15 o , &17.5 o , the three states of the flow: fully attached, incipient separation and fully separated, respectively. In the latter case the separated shear layer and reverse flow region are clearly visible.
Figures 7 and 8 presents the mean velocity field for controlled flow at α = 15 o &17.5 o , respectively. There is a clear delay of the separation for this case.
Figures 9 through 13 shows the Reynolds stresses, u 2 , v 2 , u v , respectively, at 17.5 o with and without actuation. The actuation forced the separated shear layer to come slightly closer to the surface, as expected. Figure 14 presents the static pressure distribution for an angle of attack of 10 o , which can be considered to be the baseline flow, where the boundary layer is attached. The pressure distribution shows an increase on the pressure as it goes closer to the surface. 
V. Conclusion
The pressure gradient was obtained from the measured velocity fields using the two-dimensional Reynolds Averaged Navier Stokes equations. The pressure distribution was consistent with the velocity vector field and Reynolds stresses, as expected. It was shown through our results that the actuation system is able to suppress leading edge separation for incipient and fully separated cases. A new actuation system will be implemented to the airfoil that will allow us to get higher velocities from the actuation that will . Further studies on the aerodynamic modification of the flow field are needed.
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